+ ketosis-prone diabetes (KPD) describes a group of primarily middle-aged individuals brought to medical attention by an episode of spontaneous ketoacidosis (i.e., without evidence of infection, alcohol abuse, etc.) and subsequently diagnosed with diabetes (2,3). Although not exclusive to a particular ethnic group, KPD has primarily been described in individuals of African descent, Hispanics, and groups traditionally classified as ethnic minorities. Experience from our county hospital in Dallas, Texas, suggests that among those who present with new-onset diabetes and ketoacidosis, 60% meet criteria for the diagnosis of KPD (4). These patients generally lack evidence of endocrine pancreas autoimmunity (A 2 ) and experience improved insulin secretory capacity (b + ) and sensitivity after near-normalization of glycemia (5). Patients with KPD tend to be male and obese, and they typically have a family history of diabetes (3). Over time, this condition is characterized by a period of nearnormoglycemia followed by sustained deterioration in glucose control and episodes of ketoacidosis. The metabolic perturbations that lead to transient b-cell dysfunction and spontaneous ketoacidosis in individuals with KPD remain unclear. Insights on the extreme metabolic phenotype of KPD have the potential to improve our understanding of more subtle metabolic derangements of type 2 diabetes.
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The fluctuating b-cell function that is characteristic of KPD suggests that acute glucose and fatty acid toxicity may play a role in its pathogenesis. However, recent studies of KPD patients during near-normoglycemic remission demonstrated that a 48-h exposure to excess fatty acids does not appreciably alter b-cell function (6) and that exposure to excess dextrose may (7) or may not (8) lead to impaired b-cell function depending on the magnitude and duration of the hyperglycemic stimulus. Although interesting, these data do not address the most striking phenotypic characteristic of these patients who more closely resemble type 2 diabetic patients-spontaneous ketoacidosis. Insulin deficiency alone is not sufficient to cause ketoacidosis (9) . The majority of ketoacids (primarily b-hydroxybutyrate and acetoacetate) originate from the b-oxidation of fatty acids in liver (10) (Fig. 1) . During insulin deficiency, peripheral lipolysis is not suppressed, which ultimately leads to increased fatty acid release. Data from Gosmanov et al. (8) suggest that during the recovery period of KPD, defects in fatty acid handling persist despite improved b-cell function. In liver, fatty acids are either esterified or shuttled into mitochondria via carnitine palmitoyl transferase to undergo b-oxidation (11). The entry of fatty acids into mitochondria is highly regulated; however, critically important to mitochondrial fatty acid oxidation is an excess of glucagon (or glucagon-like counterregulatory hormones such as cortisol and epinephrine) (9-11). As a result, ketoacidosis can only occur if insulin deficiency and glucagon excess occur simultaneously. Just this year, Choukem et al. (7) reported that patients with KPD have higher basal concentrations of glucagon and attenuated suppression of glucagon release, suggesting that the a-cell may also be important in the pathophysiology of KPD.
In the current issue of Diabetes, Patel et al. (12) studied KPD patients with metabolomic approaches and then quantified metabolic fluxes using in vivo stable isotope tracers. This approach harnessed the high-throughput and broad information content of a metabolomic platform to generate hypotheses without the bias of a priori assumptions about disease-related metabolic derangements. However, static metabolite measurements usually lack the information content necessary to identify the activity of metabolic pathways, especially for metabolites that can be produced and consumed by multiple pathways. On the other hand, the metabolic flux through targeted pathways can be measured using stable isotope tracers to provide definitive evidence of a metabolic mechanism. Unfortunately, flux measurements are notoriously labor intensive, complex, expensive, and simply impractical for unbiased approaches. Patel et al. (12) exploited the strengths of both approaches by first applying metabolomics to identify candidate pathways and then testing the function of these pathways using in vivo stable isotope tracer methods.
Using this tactic, Patel et al. (12) studied banked samples from 20 obese, near-normoglycemic KPD patients 4-8 weeks after their index episode of ketoacidosis. Data from these patients were compared with those of 19 obese, nondiabetic control subjects. Metabolomic differences identified fatty acid, ketone, and amino acid pathways that were then functionally quantified by infusion of stable isotope tracers in a group of newly recruited subjects (9 KPD and 7 control subjects). Together these data revealed somewhat unexpected findings. Despite a "diabetic" phenotype, both the rate of release of peripheral fatty acids and their conversion to b-hydroxybutyrate was modestly lower in KPD patients. Surprisingly, ketosis occurred in these individuals in association with decreased fatty acid and ketone utilization, rather than the increased lipolysis and ketone production putatively associated with ketosis/ketoacidosis.
Even more intriguing was a disturbance in branched-chain amino acid metabolism, similar to that observed in glycogen storage disease type V (McArdle syndrome). Patients with KPD demonstrated increased catabolic flux of leucine, a purely ketogenic branched-chain amino acid, toward ketogenesis as well as increased conversion of glutamine to glutamate without evidence of increased glutamate oxidation. As with McArdle syndrome, the authors suggest that the observed pattern of metabolic changes is indicative of defective oxidative metabolism and tricarboxylic acid (TCA) cycle anaplerosis. While this is possible, it is difficult to invoke an intrinsic defect such as this when KPD generally manifests in middle age. Likewise, the contribution of leucine to the pool of plasma ketones relative to fatty acids has historically been considered modest, primarily because of the marked difference in blood concentrations of the two precursors. Indeed, the contribution of leucine to ketone production is 2-5 and 4-10% in starved rats and dogs, respectively (13, 14) . However, given similar precursor concentrations, there is no metabolic barrier to prevent ketogenesis from leucine and fatty acids from occurring at similar rates (15) . Although the development of ketoacidosis in the absence of elevated ketogenesis may be surprising, it is not unprecedented: the saturability of ketone uptake by peripheral tissues contributes significantly to ketosis during the onset of starvation (16) . As a result, it is highly likely that the attenuated disposal of ketones in patients with KPD contributes to both ketosis and ketoacidosis. It is also interesting to note that many of the changes observed in amino acid metabolism by the authors appear similar to those observed during sustained administration of glucagon (17) .
The findings of Patel et al. (12) advance our understanding of the metabolic basis of KPD; however, some experimental limitations should be considered while interpreting the data. The arduous process of recruiting KPD subjects was amplified by difficult and time-consuming study protocols, which may have contributed to the dropout of several subjects before completion of the study. As a result, not all subjects underwent all tracer studies and, therefore, the data may not be reflective of those with KPD as a whole. The significance of the majority of the findings, however, would argue that this is a minor concern. Additionally, an equally important comparison group of ketosisresistant patients with diabetes should be the focus of future studies to ensure that these findings are unique to patients with KPD. Overall, the elegant approaches used in this study yielded novel and unexpected results that improve our understanding of the pathophysiology of KPD and will stimulate future studies to confirm and expand these findings. Dissecting the metabolic dysregulation particular to KPD is a promising strategy toward understanding diabetes in general.
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